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Conductive fibers can reinforce concrete and monitor damage
leading to the development of smart material. This work studied
the correlation between the electrical (DC and AC) and mechani-
cal properties of cement composites reinforced with conductive
carbon fibers. The tensile behavior and impedance behavior of
extruded and notched composites with a fiber volume fraction of
0.5 and 3% were examined; mechanical load and electrical field
were applied longitudinally (in the direction of extrusion). The
crack growth of these composites during loading was observed and
analyzed by digital image correlation (DIC). A good correlation
between the electrical and mechanical properties was found, in
that when a sudden growth in the crack was observed, a dramatic
change was also noticed in the impedance values. Taking advan-
tage of the special frequency-dependent electrical properties of
conductive fiber-reinforced composites, impedance values mea-
sured during the fracture process were used to distinguish and cal-
culate three different areas at the crack front: uncracked area,
bridging area, and open area. The bridging area is the zone where
the fibers bridge the propagating crack. A greater bridging area
was found for the 0.5% fiber composite, compared to the 3% fiber
composite. This can be explained based on differences in the final
length of the carbon fibers in the two composites.

Keywords: carbon fibers; cement; composite; electrical properties; imped-
ance spectroscopy.

RESEARCH SIGNIFICANCE

Carbon or steel fibers can be added to a cement matrix to
produce a conductive composite. The mechanical status of
the cement composite can affect the electrical properties (DC
resistance and AC impedance) of the composite. Measure-
ments of these electrical properties can be used as indirect
nondestructive tests for cement composites, making possible
the detection of damage with only the use of simple and in-
expensive electrical equipment. This work established the
correlation between electrical (DC and AC) and mechanical
properties of cement composites reinforced with conductive
carbon fibers. Using the frequency-dependent electrical
properties of conductive fiber-reinforced composites, im-
pedance values measured during the fracture process were
used to distinguish and calculate three different areas at the
crack front: uncracked area, bridging area, and open area.

INTRODUCTION

Fibers are added to the brittle cement matrix to control
cracking and to provide ductility and improved impact resis-
tance, thus i mcreasmg the tensile and flexural strengths of the
cement matrix.! The remforcmg effect of short carbon fibers
in a cement composite is quite high. Marked improvements

- in flexural strength and postcrackmg behavior has been re-
ported using these fibers. 2.3 Because carbon fibers are also
conductive, they can also have a strong effect on the elec-
trical properties (DC resistance and AC impedance) of the

ACI Materials Journal/July-August 2001

cement composite. Such electrical measurements can be
used as indirect nondestructive tests for cement composites
that have been reinforced with fibers that are highly conduct-
ing compared to the cement matrix. This capability is based
on the assumption that the volume electrical resistivitiy of
the composite depends on crack generation and é)ropagation
under stress. Several researchers have suggested that electri-
cal properties can be used for nondestructive monitoring of con-
crete structures, making possible the detection of damage with
only the use of simple and inexpensive electrical equipment.
Recently, the combined use of impedance spectroscopy
(IS) and computer simulation showed that the presence of
highly conductive oriented fibers in a relatively poorly con-
ducting matrix induces changes in the impedance spectrum
that can be quantitatively associated with fiber length, orien-
tation, and volume fraction.”8 The main effect was that the
resistance at DC or low frequency AC depended almost en-
tirely on the matrix, while the resistance at high frequencies
depended almost solely on the fiber properties and geometry.

The present work uses this frequency-dependent separation
of fiber and matrix behavior to study the crack propagation
process in fiber-reinforced cement composites. The tensile be-
havior and the impedance behavior of notched extruded ce-
ment composites reinforced with fiber volume fractions of 3
and 0.5% were studied. The crack growth of these composites
during loading was observed and analyzed by digital image
correlation (DIC). IS measurements were made under loaded
and unloaded conditions to address the effect of specimen ge-
ometry, the manufacturing process, and the effect of fiber vol-
ume fraction. Using these IS measurements, along with
numerical computation, the bridging area of the fibers could
be extracted quantitatively from the tensile measurements. It
is shown that such methods can be useful to elucidate the role
of the reinforcing fibers during fracture.

EXPERIMENTAL DETAILS

Specimen preparation

It has been shown that extrusion process can signifi-
cantly enhance the performance of fiber-reinforced cement
composites.9 A small-scale ram-type extruder was used to
produce the specimens, extruding at a rate of 1.2 mm/min. In
aram extruder, a piston is used to apply pressure to the material
in the barrel, to force it through a die. The pressure versus the
piston displacement during the extrusion process was recorded
to study the rheological properties of the fresh mixtures. '
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Fig. 1—Test setup.

Sheet specimens were extruded with a 25 mm width and with
two different thicknesses, 8 and 4 mm. The specimens were cut

to a length of 180 mm to allow sufficient space for electroding,

sensing, and gripping for electrical and mechanical tests.

The basic material composition by volume was: 45% cement,
12% silica fume, 1% high-range water-reducing admixture,
with a water-binder ratio of 0.25 and silica fume-cement
ratio of 0.18. One percent by volume of methylcellulose was
added to improve the rheology of the fresh mixture to help
the extrusion process. Conductive pitch based carbon fibers
were added to the mixture to enhance the electrical properties
of the cement composite. Two fiber volume fractions were
used: 0.5 and 3%. The fibers were 10 pum in diameter, with a
starting length of 25.4 mm (before experiment), having tensile
strength of 1770 MPa and modulus of elasticity of 230 GPa.
Before extrusion, the liquid phase was mixed together first
with the fibers to get a proper dispersion of the fibers in
the composite, and then the solid materials were added to
the mixture. All the components were mixed together for
approximately 10 min until a proper mixture for the extrusion
process was achieved.

After extrusion and cutting to final length, the specimens
were cured under plastic sheet covers for 1 day and then con-
tinued to cure in 100% relative humidity (RH) at room tem-
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perature for 14 days. Then the specimens were notched and
kept in a constant temperature of 20 C and a constant relative
humidity of 50% RH for two days until testing. This was
done to stabilize the specimens and to minimize drying ef-
fects on the electrical properties during testing.

Test methods

Tensile tests—A closed-loop uniaxial tension test was per-
formed on an MTS machine with a displacement rate of 3 X
104 mm/s to characterize the mechanical behavior of the
specimens. The specimens were notched 6 mm on each side
and tested along the longitudinal direction (that is, the extru-
sion direction). A gage length of 12.7 mm was employed for
controlling the test by using the average of two crack mouth
opening displacement (CMOD) gages mounted on each side
of the specimen. The setup of the tensile test and the IS mea-
surements is presented in Fig. 1.

Impedance spectroscopy (IS)—The impedance measure-
ments were carried out using a computer-controlled frequen-
cy response analyzer over the frequency range of 0.5 to 10’
Hz (10 points per decade). The excitation amplitude was 1.0
V. The two electrodes were connected on the front and on the
back of the specimen with a distance of 63 mm along the
length of the specimen, as shown in Fig. 1. The 63 mm dis-
tance was measured between the center of the electrodes. The
electrodes consisted of copper gauze strips. Paper towel strips
were placed between the electrodes and the specimen of the
same dimension as the electrodes, 18 x 18 mm, which in turn
were in contact with the surface of the specimen. These were
held in place with elastic bands. The paper towel strips were
saturated with water to facilitate electrochemical contact with
the sample. To confirm that test frame interference had been
minimized and to provide a baseline for later measurements,
specimens were measured prior to mounting and subsequent
to mounting, but prior to the application of load.

Digital image correlation (DIC)—DIC was used to moni-
tor the crack growth during the tensile process. DIC is a com-
puter vision technique that compares successive digital
images to measure two-dimensional deformation on the sur-
face of the specimen.1 11t is based on tracking a portion of an
image (subimage), as the physical feature it depicts moves in
a sequence of plane images of a cement surface. This re-
quires a reference image of the unloaded/undeformed speci-
men, against which subsequent images of the deformed
specimen can be compared. This method can be applied dur-
ing loading, permitting crack growth to be monitored with-
out interfering with the fracture process itself.

Scanning electron microscopy (SEM)—Scanning electron
microscopy (SEM) was used to examine the microstructure
of polished surfaces of the composites and to characterize the
orientation of the fibers in the composite. Fragments of speci-
mens were dried at 60 C and gold-coated for these observations.

Optical microscopy—Optical microscopy was used to ex-
amine the length distribution of the fibers in the composite
after the mixing and the extrusion process. Representative
samples were treated with nitric acid to dissolve away the ce-
ment matrix components, leaving the fibers behind. The
solution was subsequently sifted through a 75 pum sieve.
Images of the remaining fibers left on the sieve were taken
with an optical microscope for each specimen. Image analysis
was used to measure the final lengths of the fibers in each
specimen.
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Tested parameters

The main goal of this work was to use the unique electrical
properties of conductive fiber-reinforced composites to
study the role of fibers in the crack propagation process. For
that purpose, the impedance values were measured under
tensile loading. Both the mechanical loading and the electri-
cal current were applied along the specimen length, that is,
along the extrusion direction. At certain points before and
after the peak load, the tensile test was held fixed to enable
measurements of the impedance values at relatively constant
test conditions (load and displacement). This was done to ex-
amine the correlation between crack growth and the electri-
cal impedance of the composite. The development of the
crack across the width of the specimen (transverse to the ap-
plied load) at each of these points was recorded by a digital
camera for subsequent DIC analysis. The impedance values
were also measured for unloaded specimens, which were not
connected to the MTS testing machine, to give a baseline
from which to understand the loaded specimen behavior.

UNLOADED SPECIMENS—ELECTRICAL
BEHAVIOR
For unloaded composites, the effects of the following pa-
rameters on the impedance values were studied:

Effect of fibers

Presence of fibers—The impedance values were measured
for specimens with and without fibers to study the effect of
fibers on the electrical behavior.

Fiber orientation—The extrusion process results in a better
orientation of the fibers along the extruded direction. The
electrical properties were therefore tested along the width
(perpendicular to the extrusion direction) and along the
length of the specimen (parallel to the extrusion direction),
to see any effect on the electrical properties of the composites
in each direction.

Fiber content—Specimens with fiber volume fractions of
0.5 and 3% were tested.

Effect of specimen geometry

Specimens with different thickness, 8 and 4 mm, were
tested, with the length and width held constant.

The results of the IS measurements on unloaded specimens
are presented herein in Nyquist fashion (-imaginary impedance
versus real impedance), as in Fig. 2. The Nyquist plot is
parameterized by frequency, which decreases from the left
(high frequency) to the right (low frequency).

Effect of fibers

Presence of fibers—Figure 2(a) shows the Nyquist plot for
a plain cement paste (no fibers) and a 0.5% fiber cement
composite. One bulk arc is seen in the case of the plain cement
paste (the feature to the right, at low frequency, believed to be
associated with surface drying effects), whereas two arcs are
apparent in the fiber-reinforced composite spectrum, a low
frequency and a high frequency arc. The point where the
right side of the low frequency arc touches the real axis is
referred to throughout as Rp. This is the true DC resistance
of the material, as checked by four-point measurements. "
The cusp between the low and the high frequency bulk
arcs of the fiber-reinforced composite is referred to in this
paper as Ry, The dual-arc impedance behavior of short
conductive fiber composites was studied by Torrents et al. and
is discussed in detail in References 7 and 8. In general, this
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Fig. 2—FEffect of fibers on impedance behavior of cement
specimen: (a) specimen with and without fibers; and (b) with
fibers tested in different directions. (Difference in values
between (a) and (b) arises due to difference in geometry
[that is, interelectrode spacing] between specimens.)

unique frequency-dependent behavior arises due to highly
resistive coatings on the conductive fibers. For steel fibers,
this is due to the oxide passivation layer that forms under the
high pH pore solution of cement paste. For carbon fibers, a
polarization layer (charge transfer resistance/double layer
capacitance) forms in the ionic solution of pore fluid. Under
DC and low frequency AC excitation, these layers act to
make the fibers insulating, so that their effect on the overall
electrical transport through the composite is negligible. The
value of Rp is therefore almost entirely that of the matrix. As
frequency increases, however, the coating impedance goes to
zero, causing the fibers to act as short-circuits in the composite.
The real resistance of the matrix plus highly conducting fibers
is then Rcusp,7’8 which is mainly a function of the fibers, not
the matrix. In accordance with these ideas, the curves in
Fig. 2(a) indicate that the presence of fibers has little or no
effect on the value of Rpc. The AC behavior, however, is
dramatically changed, so that the single bulk arc divides
into two separate arcs, giving a value of R,

Fiber orientation—To understand any possible effects of
fiber orientation, the impedance values were measured along
the width and along the length of the 0.5% fiber composite.
The sample was cut to a length of 25 mm, to have similar
distances between the electrodes used in both directions.
Electrodes with dimensions of 8 x 25 mm were connected
to the edges of the specimen in each direction. These kind of
electrodes could be used because no loading was applied in
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Fig. 4—Scanning electron microscope (SEM) micrograph of
cement composite with different thickness: (a) 4 mm; and
(b) 8 mm.

this case. Figure 2(b) presents the impedance behavior of the
specimen in both directions. There is little or no difference
between the Rp- values in both directions, which is expected,
as the Rpc value depends mainly on the matrix, which is not
much affected by the extrusion process.

The R, values in Fig. 2(b), however, are dramatically
changed, with the resistance at the cusp much greater for the
impedance measured along the width of the specimen
(perpendicular to the extrusion direction). The samples
were produced with the extrusion process, which causes the
fibers to be relatively oriented along the specimen length,
that is, along the direction of the extrusion process. 12 Therefore,
the lower value of R, at high frequency for the impedance
measurement along the length can be related to the greater
fiber orientation in this direction.
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Fiber orientation along the current can be characterized by
the y parameter, which is the ratio between the low frequency
arc diameter to the DC resistance

Y= (RDC_Rcusp)/RDC 1)

Greater fiber orientation results in higher values of 7.7’13

Herein, for samples tested along the width of the specimen
(perpendicular to the extrusion direction), the value of y is
relatively low, 0.54. In extruded composites, there is some
orientation of fibers along the width of the specimen, giving
a nonzero value of  in this direction. The value of v, however,
is enhanced to a value of 0.91 along the direction of the
extrusion process due to better orientation of the fibers in
this direction. Again note that the values of Rp observed in
the different tested directions clearly show that the DC
conductivity was not affected by the fibers, while the values
of R, clearly were. Similar dependence on fiber orientation
was previously observed on similar specimens.

Effect of specimen geometry

The total electrical resistance of an un-notched sample R
measured along the extrusion direction is dependent on the
cross-sectional area of the specimen that can transfer current

R = pL/A )
where
A = transfer area of the current;
p = electrical resistivity of the matrix; and
L = distance between the electrodes.

Increasing the cross-sectional area A leads to a reduction
in the resistance of the composite. This trend is clearly ob-
served in Fig. 3, which shows the impedance response of two
cement composites with different thicknesses, 8 and 4 mm.
The 25 mm length and 63 mm width of these composites
were the same, and both specimens were extruded from the
same batch of cement and carbon fibers. Based on Eq. (2), it
is expected that the ratio between the Rpc values of these
composites (8/4 mm), as well as the ratio between their R,
values, will be equal to the ratio of their cross-sectional areas,
which, in this case, is 0.5. The actual ratio between the Rpc
values of these two composites is 0.43, which is close to the
expected value of 0.5 but not equal, due to the inhomogeneity
of these specimens. The ratio, however, between the R,
values of these composites is quite different, 0.67. The
values of yare also not the same: Y = 0.82 for the 4 mm spec-
imen, compared to ¥ = 0.72 for the 8 mm thick specimen.
This difference suggests that there must be a difference in fiber
orientation between the two systems. Such a difference was
also observed under SEM, as seen in Fig. 4, which shows
polished sections of both composites. In the thin specimen,
better alignment of the fibers can be seen along the extrusion
direction, that is, in the direction of applied current. Forcing
the composite material through a thinner die opening in the
extrusion process results in a greater degree of orientation,
thus at least partially explaining the higher ratio of 0.67 be-
tween the R, values of these two composites compared to
the expected ratio of 0.5. This indicates once again the
sensitivity of R g, to the presence of fibers and their arrange-
ment in the composite.
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Fig. 5—Tensile behavior of cement composites with volume
fraction of 0.5 and 3%.

EXPERIMENTAL UNCERTAINTIES

The experimental uncertainties in load and CMOD mea-
surements at peak are estimated to be +12 and 10%, respec-
tively. The absolute uncertainty in electrical resistance
values (Rpc, R,sp) derived from impedance measurements
is estimated to be =5 to 10%. This arises from variability in
electrode geometry (for example, contact area, interelectrode
spacing). In the case of the crack opening experiments,
where electrode geometry remains roughly constant during
the course of experiments, relative uncertainty will be much
smaller, for example, less than +1%.

ELECTRICAL AND MECHANICAL BEHAVIOR
UNDER LOADING

Based on the previous observations, the sensitivity of the
Rpc values to changes in the cement matrix and the sensitiv-
ity of the R, values to a change in the fibers was also ex-
pected to appear during loading. More precisely, any
changes in the matrix due to cracking will affect both Rpc
and R_,,, While any changes in the fibers will mainly affect
R ysp- Correlating the fracture process and the impedance
values should aid in understanding the composite fracture
behavior.

Mechanical behavior

Figure 5 presents the tensile response of 0.5 and 3% fiber
composites. The points labeled on the curves represent the
stages where the displacement was temporarily held to mea-
sure the impedance values and perform DIC. The tensile
stresses were calculated based on the net area between the
notches. It is clear from Fig. 5 that the composite with the
larger content of fiber (3%), is stronger and tougher than that
with the lower content of fiber (0.5%), as expected. It can
also be seen that the 3% fiber composite fully fractured at a
lower CMOD (approximately 0.25 mm) than did the 0.5%
fiber specimen (approximately 0.5 mm). While the tensile
peak is more sensitive to the number of fibers present, the
width of the tail is more sensitive to fiber length. Thus,
Fig. 5 gives some indication that the fibers in the 0.5%
specimen were longer than those in the 3% specimen, a point
that will be discussed more extensively to follow.

Impedance behavior
The impedance responses of the 0.5% fiber composite dur-
ing the fracture process are presented in Fig. 6, for the entire
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Fig. 6—Impedance behavior of cement composites with
volume fraction of 0.5%: (a) full scale (Rpc values); and
(b) blow-up of high frequency arcs (Ryysp values).

frequency range (Fig. 6(a), showing the Rp ¢ values) and for
the high frequency arcs only (Fig. 6(b), showing the R,
values). The numbered stages are the same as those labeled
in Fig. 5. Figure 6 shows the correlation between the fracture
process and the impedance values, for both the Rp and the
R, values. The electrical resistance of the composite in-
creases through the fracture process. As the crack propa-
gates, the current is progressively restricted to a smaller and
smaller cross-sectional area of the composite, leading to an
increase in both Rpc and R, Similar behavior of the im-
pedance during the fracture process was also observed for
the 3% fiber composite. The increase in the composite resis-
tance through the development of the crack is evident in
Fig. 7, which shows the impedance values, Rpc and Ry,
versus CMOD for both fiber contents. The trend is similar
for both systems for both impedance values: greater CMOD
results in higher resistance. The relationships between the
impedance values and the CMOD for each system, however,
is different. For the 0.5% fiber composite, as the fracture pro-
cess initiates, the Ry values increase gradually with crack
growth, while at the same time there is no significant in-
crease in the R, values. Only for higher values of CMOD
do the R,,,g, values start increasing. For the 3% fiber system,
the behavior of the impedance values is rather different. Both
Rpc and R, hardly change at low CMOD, but then a sudden
increase is observed at larger values of CMOD. A comparison
between the Rp¢ values of both systems at low CMOD clearly
shows this differing behavior, as presented in Fig. 8.
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There are two possible explanations for the different im-
pedance behavior between the two composites during frac-
ture. First, underlying differences in the overall composite
microstructure could lead to differing current distributions
and electrical behavior under load and in the presence of
growing cracks. For example, differences in fiber/matrix
bonding, matrix porosity, fiber length, and fiber alignment
could result in completely different responses during crack
propagation. An indication of such differences in behavior
can be seen in the electrical properties of the unloaded com-
posites. Their longltudmal DC resistances differed by a fac-
tor of 1. 5 (3.9 x 10* ohms for the 3% fiber specimen versus
6.1 x 10* ohms for the 0.5% fiber specimen), but their cor-
responding cusp resistances differed by as much as a fac-
tor of 6 (2.0 x 103 ohms for the 3% fiber specimen versus 1.2
x 10* ohms for the 0.5% fiber specimen).

The second explanation for the differing impedance be-
havior between the composites in Fig. 8 has to do with local
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microstructural effects along the crack front. As the crack
propagates during loading, three different areas can be dis-
tinguished in the composite cross section between the notches
in Fig. 1. Figure 9 shows a schematic representation of these
areas: 1) the open area; 2) the uncracked area; and 3) the
bridging area.

The open area (1) is the portion of the cross section of the
composite where the crack has propagated and there is no re-
maining fiber connection. Herein, the matrix is fractured and
the fibers are either fractured or fully pulled-out. In this case,
current cannot be transferred across the crack, because nei-
ther the cement paste matrix nor the fibers are connected;

The uncracked area (2) is the portion of the sample cross
section where the propagating crack has not yet reached.
Herein, the transport of the current at low frequency is
through the uncracked matrix and at high frequency through
the fibers in the matrix. Reduction in this area increases both
Rcusp and the Rpc; and

The bridging area (3) is the part of the cross section of the
composite where the matrix is fractured but there is still fiber
bridging. The extent of the bridging area is dependent on the
fiber failure mechanism, for example, fracture and/or pull-
out, and the embedded length of these fibers. These bridging
fibers can transfer current across the crack front at high fre-
quency, thereby affecting the value of R, but cannot
transfer current at low frequency, due to the high resistance
coating between the fibers and the cement matrix. Therefore,
as far as the value of Rp is concerned, Areas (1) and (3) are
equivalent.

The different ways in which Rpc and R, react to the
three areas allows one to use the electrical 1mpedance signal
to analyze the mechanical information and identify these
areas as a function of CMOD. Quantitative description of
these areas at different loading stages for different composite
systems can result in better understanding of the microstructure-
mechanical property relationships of cement composites
during the fracture process and the role of fibers during
this process. It should be stressed that the model in Fig. 9 as-
sumes a planar crack front, which is certainly not obtained in
practice (sce as follows). Nevertheless, this equivalent planar
transfer area approach can provide useful insight about
the fracturc mechanics of fiber-reinforced composites.
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Physical and computer simulations

Two techniques were used to calculate the different areas:
empirical and analytical. Essentially what is needed to be
known is how Rpc and R, depend on the cross-sectional
area available for current flow.

Empirical method—Cement composites with both fiber
contents were notched on both sides of the specimen at dif-
ferent notch lengths: 0 (no notch), 3, 6, 9, and 11 mm. The
11 mm notch length was possible only for the 3% fiber com-
posites. The impedance values were measured for unloaded
specimens and plotted, for each notch length, versus the
transfer area (that is, the unnotched area). This procedure
controls the crack length and the transfer area of the current
through the unnotched region. Note that herein the crack
(notch) is applied through all the specimen thickness, and
that there is no bridging area due to fibers. In this test, the
distance between the electrodes was 50 mm and the notch
lengths were progressively increased on the same specimen
after each impedance measurement.

Numerical simulation method—The current behavior is
not linear in a cracked/notched composite, as presented in
Fig. 10, and the geometry, though simple, does not lend itself
to easy analytical calculation. Therefore, a finite element
analysis was used to calculate the impedance values for dif-
ferent notch lengths. For that purpose, a FORTRAN 77 program
was used to carry out a pixel-based computation.14 This and
similar programs were designed to compute the electrical
and elastic properties of random materials whose micro-
structure can be represented by a three-dimensional digital
image. They can also be used to simulate nonrandom, but an-
alytically intractable geometries, as in the present study. The
program is a finite element program, for use in DC problems
only.

Pixels in a three-dimensional digital image were used to
construct a digital image representation of the samples and
electrodes used in the laboratory studies. The length scale
used was 1/3 mm/pixel. Enough pixels were used to match
the overall sample dimensions (extra air pixels were taken on
the outside of the image to turn off the periodic boundary
conditions that are built into the program“). Each pixel in
the simulated structure is taken to be a trilinear finite ele-
ment, where Laplace’s equation was set up and solved in a
variational form. A phase label (1,2,3,...) is given to each
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Fig. 11—Calibration curves for calculating different areas
on notched experiment and finite element analysis: (a) 0.5%
fiber content; and (b) 3% fiber content.

pixel, denoting which material phase is in that pixel. The full
(symmetric) conductivity tensor is used in each phase, and
can be different for different phases. The notches were taken
to be 1.67 mm wide, and 0, 3, 6,9, and 11 mm long, almost
exactly matching the experimental quantities. Once the im-
age of the sample was set up in the program, conductivity
tensors were assigned. The conductivity tensor in the fiber-
reinforced material had the measured anisotropic, diagonal
conductivity tensor, where (0,, O, o, = (1, 1.1, 0.68), (1,
0.2, 0.2), (1, 0.99, 0.47), and (1, 0.21, 0.12) for 0.5% DC,
0.5% cusp, 3% DC, and 3% cusp, respectively, in arbitrary
units. Arbitrary units could be used, as all results are normal-
ized by the values for the zero-notch situation in each case.
The electrodes were taken to be in exactly the positions that
they were in the experiment, with the voltage of one elec-
trode set to a 1 v, and the other to 0 v.

Figure 11(a) and (b) show the results of the simulated
crack (notch) studies for the 0.5 and 3% fiber specimens, re-
spectively. In each case, the Rpc and R, values are nor-
malized by the corresponding resistances of the un-notched

" specimen, and the remaining area between the notches has

been normalized by the cross-sectional area of the un-
notched specimen. In each diagram, the solid line corre-
sponds to the finite element analysis results for Rpc versus
transfer area, and the dashed line corresponds to the finite
element analysis results for R, versus transfer area
curve (all suitably normalized). Also plotted are actual Rpc
data for notched composites. Between successive data
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Fig. 12—Calculated areas versus crack opening for differ-
ent composites: (a) 0.5% fibers by volume; and (b) 3%
fibers by volume.

points, the electrodes were removed, the sample was more
deeply notched, and the electrodes were reapplied. The
+10% error bars, as shown, are therefore appropriate. Note
that the datum for the smallest remaining area falls signifi-
cantly below the finite element analysis line in the case of the
3% fiber system. At this point, the notch depth was 11 mm,
leaving only 3 mm of material between the notches. It is sus-
pected that damage in this un-notched region results in
anomalously low conductance (higher Rpc). At the same
notch length, the 0.5% fiber specimen failed altogether and
therefore could not be measured. Otherwise, there is good
agreement between the experimental and calculated Rpc
versus transfer area results. Experimental R, measure-
ments were also made, but these data tended not to be repro-
ducible from sample to sample, and their scatter was quite
large. The trend of the R, values versus transfer area was
roughly the same as that of Rpc in Fig. 11(a) and (b).

The fact that there is little difference in the transfer area-de-
pendence of RDC and R, between the 0.5% fiber and 3% fi-
ber composites in Fig. 11 suggests that global differences in
microstructure/electrical response between the two composites
is not responsible for their differing impedance behavior dur-
ing crack growth (Fig. 8). Rather, local microstructural differ-
ences along the crack front must account for the differences.
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Transfer area analysis

The computed curves in Fig. 11(a) and (b) were used as
calibration curves to obtained the associated current transfer
areas from the data in Fig. 7 and 8. The area calculated from
the Rp values is the uncracked area, while the area calculated
from R, is the uncracked plus bridged area. The difference of
these two areas is therefore the fiber bridging area. These areas
for both composite systems, 0.5 and 3% by volume of fibers,
are presented in Fig. 12(a) and (b), respectively.

There are clear differences in behavior between the two
composites. At any given CMOD beyond 0.04 mm, the
bridging area is noticeably larger for the low fiber content
composite. The maximum bridging area for the 0.5% fiber
composite is nearly 60% at 0.03 mm CMOD versus 20% for
the 3% fiber composite. At the same CMOD (0.03 mm), the
uncracked area is significantly less in the 0.5% fiber com-
posite (=20%) than in the 3% fiber composite (=50%). An-
other way to view this is that overall crack propagation (open
plus bridged areas) is less for the higher fiber content, as
would be expected based upon the overall mechanical prop-
erties in Fig. 5. What is surprising is the persistence of fiber
bridging in the low fiber content composite, out to a CMOD
of 0.25 mm. In contrast, the bridging area drops precipitously
for the 3% fiber composite after the onset of fiber failure at
0.025 mm CMOD, whereafter it closely tracks the overall
crack front (the boundary between the bridging area and the
uncracked area). Beyond 0.1 mm CMOD, little or no bridging
area is observed.

Crack development

Observations on the crack growth during loading of both
composites are seen in Fig. 13. These images were calculated
based on the DIC technique, as previously mentioned, and
were taken during the holds in the loading process at each
impedance measurement. Prior to Stage 6, the development
of the crack for the 3% fiber system is relatively small. A sig-
nificant increase in crack growth from Stage 5 to 6, however,
is evident for this system. A sudden change from Stage 5 to
6 also appears in the impedance values of this system (Fig. 8).
On the other hand, in the 0.5% fiber composite, the crack ini-
tiates and develops more gradually throughout the fracture
process (Fig. 13). This behavior of the crack correlates with
the gradual change in the impedance values measured during
the fracture process (Fig. 8). There is a good general correla-
tion between the impedance values and the fracture process,
as well as the more detailed analysis of the bridging area
available from the impedance measurements. Thus, the
differences in the calculated areas of the two fiber content
systems previously discussed (Fig. 12) are a result of differences
in crack development in each system.

A delay in the propagation of the crack i 1s expected when
a sufficient volume of microfibers are used.!> Uniformly dis-
persed microfibers can suppress growth of microcracks and
enhance tensile strength of the composites. Such a delay in
crack propagation, along with a small change in the impedance
values (both Rpc and R ¢,) up to Stage 5, were seen with the 3%
fiber system (Fig. 13, 7, and 8). This delay in crack propagation
may explain the greater uncracked area in the 3% fiber system
compared with a smaller uncracked area in the 0.5% fiber
system, at low CMOD, up to approximately 0.1 mm (Fig. 12).
The lower fiber content composite had a more steady, but
gradual, crack development from initiation onwards. Never-
theless, this delay in crack propagation for the 3% fiber material
does not explain the greater bridging area of the 0.5% fiber
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Fig. 13—Crack propagation for composites with different fiber contents. Numbers correspond to different stages during testing.

system compared with that of the 3% fiber system, from
0.04 mm and larger CMOD. Despite the low amount of fibers,
a larger cracked area is bridged by the fibers (at higher
CMOD). To understand this phenomenon, fiber length in the
two composites was investigated by optical microscopy.

Extrusion pressure and fiber length

Carbon fibers are quite brittle. It was reported that such
fibers tend to break during mixing.z’3 It should be kept in
mind that in this work, the cement composites were produced
by extrusion. In this process, the fresh mixture is relatively stiff
(water-binder ratio of 0.25 in this case). Such a stiff mixture
requires high forces during mixing and extruding. Increasing
the content of the fibers in the mixture requires even greater
forces for mixing and extrusion. It is likely that these high
forces will break the brittle carbon fibers during mixing and
extruding. One way to evaluate the rheological properties of
a stiff mixture is by measuring the pressure applied during
the extrusion process. A stiffer mixture results in higher
pressure required for the extrusion process. Herein, the
pressure needed to extrude the 0.5% fiber specimens was
11.3 versus 37.6 MPa for the 3% fiber composite (at the
same extrusion rate). Such high stresses can significantly
damage the carbon fibers and reduce their length.

The final length of the fibers after the extrusion process in
each composite system was examined by optical image analysis
of the remains of nitric acid dissolution of the composite matri-
ces. Image analysis was used to measure the length distribution
of the remaining fibers. The results are presented in Fig. 14,
which shows the normalized cumulative distribution of fiber
length for both fiber systems. It can be seen, for example,
that in the 3% fiber system, approximately 55% of the fibers
are less than or equal to a length of 0.5 mm, whereas in the
0.5% fiber system only 30% of the fibers are below this
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Fig. 14—Length distribution of fibers in different cement
composites with volume fraction of 0.5 and 3%.

length. In addition, the maximum length of the fibers in the
0.5% fiber composite is greater, by a factor of approximately
2, than the maximum length of the fibers in the 3% composite.
It can be concluded that the fibers are shorter in the 3% fiber
composite than in the 0.5% fiber composite, undoubtedly
due to the higher forces and pressure needed to mix and ex-
trude the stiff 3% fiber mixture, as previously discussed.
Shorter fibers reduce the potential displacement of the fibers
bridging the crack, when these fibers are completely pulled-
out from the matrix, leading to a low strain capacity of the
composi(c.3 The shorter fibers in the 3% fiber composite
lead to complete fracture at a small CMOD of only 0.25 mm,
compared with the larger CMOD of 0.5 mm required for full
fracture of the 0.5% fiber composite (Fig. 5). Shorter fibers
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ture, and CH/ash ratio. The results, shown in Table 5, illus-
trate that while the pH does evolve with time and is a
function of temperature, the pH does not change as a func-
tion of CH/ash ratio, and thus it is safe to assume that the pH
of the system is set by the pH of the NaOH solution.
Finally, Taylor and Turner, and Beaudoin et al. suggest that
the use of methanol to quench hydration may cause undesir-
able interactions when using TGA to quantify residual
CH.2835 This, however, is particularly the case when quanti-
fying small amounts of CH hydration byproduct. To demon-
strate that the use of methanol had no significant effect in the
present experiments, TGA data for as received CH and meth-
anol washed CH were compared. No differences were noted.

SUMMARY OF RESULTS

A method for determining the apparent activation energy
for the pozzolanic reaction of low CaO containing fly ash is
suggested. The technique involves reacting CH/ash pastes in
simulated pore solution at fixed temperatures and times. The
apparent activation energy for CH consumption is on the or-
der of 69 kJ/g-mol. All experiments were conducted in a pH
13.4 NaOH solution. Preliminary data suggests that the sto-
ichiometry of the hydrate phase depends upon the CH/ash ra-
tio and that the rate of CH disappearance and the rate of
hydrate formation is a function of CH content. Considerable
work is yet required to describe these observations with
mechanistic arguments. Microstructural data, as well as
more detailed XRD and calorimetric studies, are suggested.
A single fly ash was investigated by reaction in pH 13.4
NaOH solution to mimic pore solution pH at later stages of hy-
dration, as noted by other investigators. Similar studies should
be conducted in the absence of NaOH (pH approximately 12.7
for CH) and at other pH values and with other cation and an-
ions present in solution, that is, K* and SOy 2, Ashes with var-
ious amounts of aluminate and CaO phases should then be
studied to understand the effect of chemical composition on re-
activity. Finally, comparison of model-predicted performance
and performance in portland cement systems would be useful.
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